Advanced glycation endproducts (AGE) contribute to kidney disease due to diabetes or aging by means of mesangial cell (MC) receptors, such as the receptor for AGE (RAGE), which promote oxidant-stress-dependent NF-B activation and inflammatory gene expression. MC also express scavenger receptors SR-I and SR-II and AGE receptors 1, 2, and 3 (AGE-R1, -R2, and -R3), some of which are linked to AGE turnover. Because AGE-R1 expression is found suppressed in severe diabetic kidney disease, as other receptors increase, we investigated whether his molecule has a protective role against AGE-induced MC injury. A stable murine MC line overexpressing AGE-R1 (R1-MC) was generated, exhibiting a 1.8-to 2.7-fold increase in 125 I-AGE-specific binding, uptake, and degradation, compared with mock-MC. However, AGE-stimulated NF-B activity and mitogen-activated protein kinase (MAPK) (p44͞42) phosphorylation were found markedly suppressed in R1-MC. Additionally, AGE-stimulated macrophage chemotaxis protein 1 and RAGE overexpression were abolished in R1-MC. The effect of R1 on RAGE signaling was investigated after overexpressing RAGE in Chinese hamster ovary cells, which lack RAGE. AGE stimulation elicited NF-B and MAPK activities in RAGE-Chinese hamster ovary cells; however, after cotransfection with R1, these responses were suppressed. Also, after silencing endogenous R1 in wild-type MC by R1 small interfering RNA, AGE-mediated MAPK͞p44͞42 activation exceeded by >2-fold that of mock-MC, consistent with loss of the activation-inhibitory properties of native AGE-R1. AGE-R1, although enhancing AGE removal, is also a distinct receptor in that it suppresses AGE-mediated MC inflammatory injury through negative regulation of RAGE, a previously uncharacterized pathway that may protect renal and other tissue injury due to diabetes and aging.
T he pathogenic effects of advanced glycation endproducts (AGE) include oxidant stress (OS) and tissue-specific inflammation, growth, or apoptosis (1) (2) (3) and are controlled by AGE receptors, antioxidant systems, and normal kidneys (4) (5) (6) . The AGE-receptor system could be broadly divided into two arms: one is associated with increased OS, growth, and inflammatory effects, best represented by the receptor for AGE (RAGE) (7) (8) (9) ; and the other, involved in AGE detoxification, includes scavenger receptors class A, type II (MSR-AII), and class B, type I (MSR-BI, CD36) (10, 11) , as well as AGE receptors 1, 2, and 3 (AGE-R1, -R2, and -R3) (12) (13) (14) (15) . Given the complex properties of AGE, a legitimate concern has been the apparent failure of AGE receptors as a bodywide defense system to prevent tissue-toxic AGE accumulation (16, 17) .
Among the major organs, the kidney is a major regulator of AGE turnover but also a target for AGE toxicity. Mesangial cells (MC) occupy a central role in the maintenance of both architecture and function of the nephron and, with exposure to AGE, undergo phenotypic changes that contribute to the progression of glomerulosclerosis (18) . MC AGE receptors, although contributing to AGE turnover (19) , appear to be involved in AGE-induced cytokine, growth factor, and extracellular matrix overproduction (20) (21) (22) . In high AGE states, as in diabetes or aging, tissue expression of RAGE and other receptors is enhanced (23, 24) . An exception to this rule has been AGE-R1, a 48-kDa, AGE-specific, type I transmembrane receptor protein (13) . The expression and function of this molecule was found to be suppressed in MC and in macrophages from nonobese diabetic mice, which are prone to severe kidney disease (25) , and in circulating mononuclear cells from diabetic subjects with high AGE levels and severe nephropathy (15) . This finding is evidence suggesting a possible inverse relationship between AGE toxicity and low AGE-R1 expression.
The present study was undertaken to determine whether MC AGE-R1 is involved in AGE turnover and͞or in the regulation of AGE-mediated cell injury. By using murine MC overexpressing AGE-R1 (R1-MC), renal cell responses to AGE were investigated. Beyond its participation in AGE removal, AGE-R1 was found to negatively regulate AGE proinflammatory signal processing, by means of a previously uncharacterized potentially renal-protective mechanism.
Materials and Methods
Cell Culture. A murine MC line isolated from a single glomeruli was established, as described in refs. 19 and 20 . Experiments were performed between passages 20 and 25 in medium containing 5 mM glucose to minimize phenotypic variation. Chinese hamster ovary (CHO) cells (ATCC CCL-61) were maintained in Ham's F12K medium containing 10% FBS.
constructs were confirmed by DNA sequencing. Stably overexpressing cells of AGE-R1 were created in MC and CHO cells. Plasmid pcDNA3.1-R1, comprising human AGE-R1 cDNA, was transfected into MC and CHO cells by the transfection reagent FuGENE6 (Roche Molecular Biochemicals), according to manufacturer's instructions. Two days after transfection, cells were selected by culturing in the presence of neomycin analogue G418 (1 mg͞ml) (Invitrogen) for at least 3 weeks before use. G418-resistant cells transfected with pcDNA3.1-R1 were grown as polyclonal cell lines for further studies. Mock-transfected MC and CHO cells expressing neo alone also were established by using plasmid pcDNA3.1. CHO cells overexpressing RAGE also were established, as described above.
AGE-BSA Binding, Uptake, and Degradation Studies. Endotoxin-free AGE-BSA and native BSA were prepared and radiolabeled as described in refs. 12 and 25. 125 I-AGE-BSA or 125 I-BSA was added at 20 g͞ml in the presence or absence of 100-fold excess of unlabeled ligand (AGE-BSA, BSA) for 4 h at 4°C. After washing, 125 I radioactivity was determined with a Packard TopCount NXT Microplate Scintillation and Luminescence counter and cell protein by the Bradford method using a Dc Protein Assay kit (Bio-Rad).
The same procedure was repeated at 37°C to determine ligand uptake and degradation activity. Cell-associated radioligand was divided into two pools: surface-bound material eluted with heparin (10 mg͞ml) and EDTA (5 mM)-containing buffer (pH 7.4) (5 min at 37°C) and internalized material eluted after solubilizing the cells in 0.1 M NaOH (30 min at 37°C). Ligand degradation was determined as trichloroacetic acid-soluble cpm in the aspirated media (12, 25, 26) . AGE-specific binding, uptake, and degradation were defined as the radioactivity observed in wells incubated with 125 I-AGE-BSA or 125 I-BSA alone, subtracting the cpm found in the presence of 100-fold excess of unlabeled AGE-BSA or BSA (26) . No specific binding was observed in wells without cells.
Transient Transfection Experiments and Luciferase Assay. Oxidantsensitive NF-B activation was assessed by transient transfection with a luciferase expression plasmid (pNF-B-Luc, Stratagene) controlled by five tandem repeats of NF-B consensus sequence, cloned in front of a minimal promoter. Near-confluent cells in six-well plates (Costar) were transfected with 500 ng of pNF-B-Luc in serum-free complete medium, by using transfection reagent FuGENE6. After a 48-h incubation, fresh serum-free medium was added into the cells along with AGE-BSA or BSA, in variable concentrations or time intervals, to assess dose-and time-dependent responses. Luciferase activities were measured by using a LucLite Plus assay system (Packard), according to manufacturer protocol. To correct for transfection efficiency, pSV-␤-gal plasmid (50 ng) was included. The ratio of luciferase activity to ␤-gal activity served to normalize luciferase activity.
Western Blotting. Cells were collected and solubilized in lysis buffer (New England Biolabs), pH 7.4. Western blotting was performed as described in refs. 12 and 25. The following primary antibodies were used: rabbit polyclonal anti-AGE-R1 (13), anti-RAGE (Santa Cruz Biotechnology), antiphospho-p44͞42 (New England Biolabs), or antitotal p44͞42 antibody (New England Biolabs).
Semiquantitative RT-PCR. Total RNA from MC was isolated with TRIzol reagent (Invitrogen). After RNase-free DNase (Invitrogen) treatment for 15 min at room temperature, RNA was further purified with the RNeasy RNA isolation kit (Qiagen, Valencia, CA). Total RNA (1 g) was reverse transcribed in a 10-l reaction system by using a smart PCR cDNA synthesis kit (Clontech) under conditions described by the supplier. Then, 1͞20 reverse-transcribed cDNA was amplified by 30 cycles under standard condition in 50 PCR system with primer monocyte chemoattractant protein 1 (MCP-1)-F, 5Ј-TCA CCT GCT GCT ACT CAT TC-3Ј, and primer MCP-1-R, 5Ј-ACT GGT CAC TGG TAC AGA AG-3Ј. The gene expression level of MCP-1 was normalized against ␤-actin.
MCP-1 Determination.
To quantify the level of MCP-1 protein expression under different experimental conditions, cell culture supernatants were assessed by a commercial solid phase quantitative sandwich ELISA kit, specific for mouse MCP-1 and sensitive to 8 pg of MCP-1 per milliliter (BioSource International, Camarillo, CA).
AGE-R1 Small Interfering RNA (siRNA) Assay. MC endogenous AGE-R1 expression was silenced by the siRNA expression system (27) . Four sequences, (i) CATCAACGTGGAGAC-CATC, (ii) CAGGCTCTTCAACCTCTTA, (iii) TGCCTA-CACTGTCACCGAC, and (iv) AGTGGATTACAACCG-GCTA, were chosen and cloned in the pSilencer 3.1-H1 hygro vector (Ambion, Austin, TX). Both control vector and vector containing R1 siRNA were transfected into MC by using Fu-GENE6 (Roche Molecular Biomedicals). Transfected cells were selected by culture in hygromycin (250 g͞ml), and pure cell populations were used for experiments. The inhibitory expression efficiency of R1 siRNA was determined by Western blotting for AGE-R1. Sequence i, above, showing the highest efficacy (60% reduction of AGE-R1 expression), was selected for experiments.
Results
Increased AGE-BSA Turnover by R1-MC. Increased AGE-R1 protein expression (2-to 3-fold above the endogenous R1 in mock-MC) was confirmed in MC transfected with human AGE-R1 (R1-MC), based on immunoblotting (Fig. 1A) . This finding was associated with a significant increase in the AGE-ligand binding activity at 4°C (Ͼ2.5-fold, P Ͻ 0.01) (Fig. 1B) , internalization (Ͼ1.5-fold, P Ͻ 0.05), and degradation (Ͼ2.0-fold, P Ͻ 0.05) at 37°C in R1-MC compared with mock-MC (Fig. 1B) , indicating that AGE-R1 is involved in AGE turnover in these cells. No binding of unmodified 125 I-BSA was observed (data not shown).
Reduction of AGE-Induced NF-B Transcriptional Activity in R1-MC.
The redox-sensitive NF-B activity in response to AGE stimulation was studied after transient transfection of MC with pNF-B-Luc. As expected, in mock-MC, NF-B-dependent gene expression increased significantly (Ͼ2-fold, P Ͻ 0.01) after 24 h of stimulation with AGE-BSA (100 g͞ml). However, in R1-MC, AGE-BSA-induced NF-B activity was reduced to Ϸ20% of mock-MC (P Ͻ 0.01) ( Fig. 2A) and in a time-dependent manner (maximum at 48 h) (P Ͻ 0.01) (Fig. 2B) .
AGE-R1 Expression in MC Inhibits AGE-Mediated Mitogen-Activated
Protein Kinase (MAPK)͞p44͞42 Phosphorylation. By using antibodies specific for total and phosphorylated p44͞42, the activation of MAPK pathway was assessed (Fig. 3A) . After stimulation of mock-MC with AGE-BSA (100 g͞ml, for 10 min), a strong induction of p44͞42 phosphorylation was observed (2.75-fold from baseline). In contrast, in R1-MC, AGE-mediated p44͞42 phosphorylation was significantly lower (1.3-fold above baseline or of unmodified BSA, P Ͻ 0.01) (Fig. 3 A and B) . No activation of p38 or JNK was observed after AGE stimulation in either mock-MC or R1-MC (data not shown).
AGE-R1 Suppresses RAGE-Signaling in AGE-Stimulated CHO Cells. We then assessed the effect of R1 overexpression on RAGE in R1-MC after AGE stimulation by using Western blot analysis. As expected, AGE increased RAGE expression in mock-MC (Ϸ2-fold above background level) (P Ͻ 0.05). However, this response was abolished in R1-MC (Fig. 3 C and D) , indicating that R1 can block RAGE expression in this expression system.
Because the RAGE response could be an indirect effect, we proceeded to test whether R1 inhibition of AGE-signaling occurred in the presence of active RAGE gene expression. Human RAGE was thus overexpressed in CHO cells. Although undetectable in wild-type CHO cells, RAGE expression clearly increased in RAGE-CHO transfectants (Fig. 4A) , and upon stimulation with AGE (100 g͞ml for 10 min), these cells exhibited a strong p44͞42 phosphorylation signal (Fig. 4B Left) . In contrast, when RAGE-CHO cells were cotransfected with AGE-R1 (RAGEϩR1-CHO), AGE-induced p44͞42 phosphorylation was almost completely blocked (Fig. 4B Right) . Similarly, in RAGE-CHO cells, NF-B activity increased significantly (Ϸ2-fold above baseline, P Ͻ 0.01) after stimulation with AGE; in RAGEϩR1-CHO cells, however, this response was virtually abolished (P Ͻ 0.05) (Fig. 4C) . Neither mock-CHO nor R1-CHO cells exhibited AGE-induced phosphorylation of p42͞44 or NF-B activation. These data indicated that AGE-R1 intercepts RAGE-induced signals initiated by AGE.
In R1-Expressing MC, AGE-Mediated MCP-1 Synthesis Is Suppressed.
RAGE͞AGE-mediated MCP-1 induction is considered important in the pathogenesis of kidney disease (28, 29) . Thus, the effect of R1 overexpression on AGE-mediated MCP-1 production by MC was investigated. Whereas in mock-MC, AGE stimulation led to a significant increase of MCP-1 mRNA expression in a dose-dependent manner (up to 3-fold from baseline) (Fig. 5A) , in R1-MC, it produced only a minimal change (up to 10% of mock-MC) (P Ͻ 0.01) (Fig. 5B) . Similarly, the AGE-induced MCP-1 protein secretion was markedly attenuated in R1-MC, compared with mock-MC (Fig. 5C ).
Silencing of AGE-R1 Gene Expression Leads to Enhanced AGE-Dependent p44͞42 Phosphorylation. To rule out possible nonspecific effects of the transfection, we used MC expressing siRNA specific for AGE-R1. As shown in Fig. 6A , in such cells, AGE-R1 protein synthesis was markedly reduced. In addition, AGE stimulation elicited greater p44͞42 phosphorylation signal in MC R1-silenced cells compared with control cells (Fig. 6 B and  C) . This finding was consistent with the observation that reduced R1 expression may lead to an MC phenotype prone to inflammatory activation.
Discussion
The findings described here identify AGE-R1 as a receptor actively contributing to AGE turnover by MC (19) and, more importantly, in the counterregulation of potent proinflammatory signals triggered by AGE substances by means of RAGE, leading to renal and other tissue injury (7, 30) . These previously uncharacterized properties of R1 are potentially beneficial because they stand in direct opposition to the predominantly proinflammatory MC response to AGE (28, 31, 32) (Fig. 7 Right).
MC were selected because of their pivotal role in the normal glomerulus. Numerous studies on MC AGE-ligand-receptor interactions have confirmed the role of RAGE in the progression of renal and other tissue injury by means of OS (33) (34) (35) . Such information underscores the paucity of findings on receptor-based mechanisms that serve to ameliorate the cumulative effects of AGE.
In this context, the MC expression system used here has helped identify AGE-R1 as such a receptor. Indeed, R1-expressing MC exhibited enhanced AGE uptake and degradation, concurring with earlier studies on nonobese diabetic mice and human subjects with diabetic nephropathy, which first raised the possibility of a link between suppressed R1 and impaired AGE turnover (15, 25) . Further supportive evidence was provided by CHO cells, a different cell line, which, although lacking AGE-receptors, after R1 transfection acquired significant AGE endocytotic and degradative efficiency (data not shown). Together, these findings provided the basis for the speculation that AGE-R1 may mediate AGE clearance to prevent AGE deposition and to control unwanted OS-dependent signal pathway activation. At the cellular level, excess AGE are known stimulants of OS-sensitive MAPK, p42͞44 and NF-B activity (36) (37) (38) (39) . In MC, as in many cell types, NF-B regulates the transcription of genes involved in inflammatory response and cell growth (40) (41) (42) (43) . Abnormal activation of this chain of signals by AGE has been attributed largely to RAGE, a molecule that promotes and is promoted by cellular OS (8, 44) . RAGE expression, unlike AGE-R1, is found to be elevated in diabetes and other high-OS states (23, 24, 45) , which implies a sustained reactive oxygen species and AGE generation, resulting in RAGE activation, and so on. This cycle could conceivably alter the cell's phenotype, obscuring other receptor properties or depleting cellular antioxidant systems (46, 47) . By engineering an intracellular environment of sustained high AGE-R1 availability, as in the present system of R1-MC, it was possible to disengage the perpetual cycle of RAGE 3 OS 3 NF-B 3 RAGE,, revealing a previously unrecognized mechanism, whereby excessive activation of MAPK͞p42͞44 and NF-B activation could be restricted, a key switch being AGE-R1.
A related question was whether the activation-inhibitory effects of AGE-R1 were due to a direct interference with RAGE. Although in control MC, AGE induced the expected RAGE overexpression, in R1-MC this same response was aborted, a result that pointed strongly toward a negative cooperativity between AGE-R1 and RAGE. Such a relationship could be intended under physiological conditions for purposes of AGE homeostasis. It also could involve the RAGE gene or protein regulation directly or indirectly via alternate routes of AGE-induced NF-B activation (36) .
To decipher this question, first we opted for the CHO cell expression system: the transfer of RAGE gene in these cells rendered them AGE-responsive, capable of a rise in MAPK͞ p42͞44 phosphorylation and NF-B activity. Cotransfection of RAGE-CHO cells with AGE-R1 gene completely abolished the newly acquired NF-B activity, in response to AGE. These findings argue strongly that the activation-inhibitory action of R1 in MC is due to the interception of the RAGE͞OS-sensitive signal pathway. To confirm R1 specificity for these findings, constitutive expression of AGE-R1 in primary MC was silenced by using R1-targeted siRNA (27) , which caused the release of strong p44͞42 signals exceeding the levels seen in wild-type and mock-MC. These results indicated that interfering with the normal expression of AGE-R1 can lead to a change in the cell's quiescent phenotype to an activated one with proinflammatory tendencies.
Recent evidence suggests that in the kidney, up-regulation of the MC-derived chemokine MCP-1 is associated with monocytic infiltration of the mesangium in the early phases of the disease (28, 48) . Here, MCP-1 was selected as a downstream functional endpoint of the AGE͞RAGE-signaling pathway linking MC dysfunction to kidney pathology. Thus, the complete suppression of MCP-1 production in R1-overexpressing MC was a compelling finding that supported the speculation that, in principle, AGE-R1 acts to neutralize inappropriate signal generation; this unique property, however, could be rendered ineffective under chronically elevated ambient AGE levels.
Several lines of evidence suggest that diabetes and aging processes may be shared to an extent. Both AGE and OS are significantly increased in diabetic and aging organisms (1-6), as antioxidant systems and AGE-R1 are suppressed (15, 25) . Animal and human diets constitute major donors of AGE and reactive oxygen species (5, 6), as does tobacco smoking (29) , and the total AGE pool may well exceed the receptor saturation limit, resulting in cytoplasmic sequestration or down-regulation of this system. Although the in vitro data presented in this study are based on observations made in human diabetes (15) , given the limitations related to the use of mouse MC as a model, cautious extrapolation to the clinical setting is required. However, the findings provide a valid basis for subsequent in vivo studies. In this context, a new AGE-R1-transgenic mouse model may help confirm the inverse relationship between AGE-R1 expression and diabetic complications (15, 25) and assess whether maintaining glycemic control can preserve AGE-R1 function in diabetic patients.
Here, AGE-R1 is shown to override a well established AGE͞ RAGE-mediated signal pathway and effector molecules by negatively regulating signals activated by AGE by means of RAGE and reactive oxygen species in MC (32, 35) . Thus, AGE-R1 may represent a unique candidate for AGE-defense element, intended for tissue protection against AGE toxicity. Further studies should elucidate the molecular basis of the properties engendered in this switchlike receptor system, to be explored as a potential therapeutic target.
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